In excised lungs of dogs, the static pressure-volume characteristics of the vascular bed were determined with the vessels filled with dextran and again after replacement of the dextran with kerosene.
Whereas it is suggested that the pulmonary vascular bed behaves as if it were composed of two compartments that respond oppositely to inflation of the lungs; that one compartment is enlarged while the other is compressed, and that the over-all volume change in the vascular bed is dependent on the relative magnitudes of these two effects.
If different parts of the pulmonary vascular bed respond oppositely to inflation of the lungs, it seems likely that the small vessels in close association with alveoli might show a response opposi .te to that of the larger vessels in the interstitium of the lungs. This idea could be tested if the small vessels of the lungs could be blocked off and the larger intrapulmonary arteries and veins studied independently.
Three approaches were used to isolate the larger vessels for independent study. The first involved an attempt to block the smaller vessels with lycopodium spores or plastic microspheres.
This method failed because the block could not be maintained during inflation of the lungs.
The second approach was based on changes in flow through the vascular bed in relation to changes in transpulmonary pressure. It was observed that when perfusion pressure was held constant in relation to the pressure at the surface of the lungs, increasing transpulmonary pressure led to a progressive decrease in flow and finally to complete cessation of flow. When flow ceased, some portion of all vascular connections between arteries and veins must have been occluded.
The magnitude of the transpulmonary pressure at which complete occlusion occurred depended on the height of the perfusion reservoir above the lungs. As the reservoir was raised, the transpulmonary pressure at which flow ceased increased correspondingly.
When a lung that had been inflated to a transpulmonary pressure well above that required to obstruct the circulation was deflated, the initial effect observed was a rise in the level of the fluid in the reservoir due to the expulsion of fluid from the lung. When the lung was reinflated, there was a fall in the level of fluid in the reservoir at transpulmonary pressures above the level required to occlude the circulation, indicating that fluid was reentering the pulmonary vessels. These observations formed the basis of a technique for studying quantitatively the effect of inflation of the lungs on the volume of that portion of the pulmonary vascular bed lying between the main vessels and the sites of obstruction. The technique was applicable only at high levels of transpulmonary pressure, but in this limited range the results were confirmatory to the hypothesis that this portion of the vascular bed expanded during inflation of the lung.
A method of study that permitted changes in vascular volume to be measured over the whole range of transpulmonary pressures was discovered by chance while attempting to study pressure-flow relationships in an isolated lung using kerosene instead of dextran as the perfusing fluid. The pulmonary vascular bed could not The results of these studies are described in the preceding paper. The dextran was replaced by kerosene, and the studies were repeated. Experiments of this type were carried out on six lobes. Representative results are shown in figure 2 . The left half of the figure shows the volume changes recorded from the venous cannula at different vascular pressures, and the right half shows the corresponding volume changes recorded from the arterial cannula. These changes were added to give the over-all vascular volume changes ( fig. 3 of that portion of the vascular bed that did not fill with kerosene is shown in figure 4 for o cm Hz0 vascular pressure.
The kerosene-containing portion of the vascular bed always increased in volume as transpulmonary pressure was raised and is referred to as the 'expanded' portion of the vascular bed. In contrast, the portion of the dextran-containing vascular bed that would not fill with kerosene always decreased in volume as transpulmonary pressure was raised and is referred to as the 'compressed portion of the vascular bed.
Pressuw-volume charachstics of expanded and compressed portions of pulmonary vascular bed at resting lung volume and at full inflation. The pressure-volume (P-V) relationships of the dextran-containing vascular bed for resting lung volume (TPP = o cm HZO) and full inflation (TPP = 30 cm HZO) are analyzed in detail in the preceding paper. Figure 5 shows the P-V relationships in one lobe when the vascular bed contained dextran. Figure 6 shows the P-V relationships of the kerosene-containing vascular bed in the same lobe after the dextran had been removed. By subtracting the values in figure 6 from the corresponding values in figure 5 , the P-V relationships of that part of the vascular bed which did not contain kerosene can be derived ( fig. 7) 2) At any given vascular pressure, vascular volume was lower at full inflation than at resting lung volume.
3) Inflation of the lung caused a marked decrease in the compliance of the co;pressed portion at low vascular pressures, but when vascular pressures were raised above 20 cm H20 this effect was negligible+ Thus the larger vessels, which received kerosene, were enlarged by inflation of the lungs regardless of the vascular pressure. The smaller vessels, which did not receive kerosene, were reduced in volume by inflation of the lungs regardless of the vascular pressure. The degree of enlargement of the large vessels was not significantly affected by the vascular pressure, but the degree of reduction in the smaller vessels was markedly increased by increasing vascular pressure. As vascular pressure was increased, the smaller vessels contained more fluid; the more fluid they contained, the greater the amount of fluid expressed from them with inflation of the lungs.
Maximum expanding force exerted on the vascular bed during inJ!adion of lhe lungs. To estimate the magnitude of the force causing expansion of blood vessels with inflation of the lungs, an experiment was carried out to determine how much negative intravascular pressure could be overcome when the lungs were inflated.
Burettes filled with dextran were connected to the artery and vein of a single lobe and were held in a horizontal position IOO cm below the top of the lobe (vascular pressure = -roe cm H,O). For this experiment only, the hilum was in a dependent position IO cm below the top of the lobe when the lobe was fully inflated. The change in vascular volume was measured when the transpulmonary pressure was changed from o to 30 cm HZO. This was done at successively higher vascular pressures. The results are shown in figure 8 .
Only very small changes in volume were recorded in +2 ml. When the burettes were above the lowest part of the lobe (equivalent to a vascular pressure of -xo cm HZO), the increase in volume became less. When the burettes were above the level of the top of the lobe, there was a decrease in the volume of the vascular bed with inflation of the lobe.
These results show that the force causing expansion of blood vessels when the lungs are inflated is capable of raising fluid from a considerable distance below the lungs.
The fact that the increase in vascular volume during inflation became less when the burettes were above the lowest part of the lobe suggests that the portion of the vascular bed that is compressed during inflation does not contain any appreciable amount of fluid when the hydrostatic pressure in the blood vessels is negative relative to the lowest part of the lungs.
DISCUSSION
This study provides a confirmation of the hypothesis proposed in the preceding paper to explain the variable result of inflation of the lungs on the volume of the vascular bed. The pulmonary vascular bed has been shown to behave as if it were composed of two compartFents that respond oppositely to inflation of the lungs. When this study was started, we were unaware of the earlier work of Macklin (I), who showed quite clearly that inflation of the dog's lung resulted in an enlargement of the arterial and venous sides of the pulmonary vascular bed. In his studies the isolation of these portions of the vascular bed from the smaller vessels was achieved by the use of a latex suspension. He observed also that when the vascular bed was filled with saline there was an over-all decrease in the volume of the vascular bed with inflation of the lungs, and he suggested that the difference between these two results might enable the volume of fluid contained in the capillary bed to be estimated. The results of the present study have confirmed and extended Macklin's observations. These studies may shed additional light on the functional anatomy of the lung. In discussing this aspect, the two compartments of the pulmonary vascular bed are examined in greater detail in turn. Compressed for tion. The information obtained about this portion may be summarized:
r) It lies between the arterial kerosene-dextran interface and the venous kerosene-dextran interface and, therefore, must lie in the smaller rather than the larger blood vessels.
2) At least: a part of the compressed portion can be completely occluded as indicated by the complete cessation of flow through the bed when transpulmonary pressure is raised sufficiently above vascular pressure.
3) The occlusion produced by raising transpulmonary pressure can be overcome by increasing the vascular pressure a corresponding amount. A similar relationship has been reported recently by Bannister and Torrance (2) .
4) When vascular
pressure is elevated by the same amount as transpulmonary pressure, there is no evidence of compression of any portion of the vascular bed. This is the situation when the lungs are inflated by negative pressure while the vascular reservoir remains exposed to atmospheric pressure. When transpulmonary pressure is raised relative to vascular pressure, it appears that the mechanism of compression is an increase in the pressure surrounding the compressed vessels relative to the pressure within them. This implies that the pressure surrounding the compressed vessels is approximated by alveolar gas pressure.
Therefore, the compressed portion of the pulmonary vascular bed resides mainly in small vessels closely related to the alveoli. Although this includes the capillaries, the exact boundaries on the arterial and venous sides are not known.
Compression of the vessels in the upper region of the lobe would be expected to occur more readily than in the lower regions since the vascular pressure in the lower vessels is higher in relation to the alveolar pressure.
Although it would appear that alveolar pressure can be transmitted to the vessels of the compressed compartment, the actual pressure surrounding these vessels If alveolar pressure were identical to the perivascular pressure of the 'compressed' vessels, it would be expected that these vessels would be completely emptied when alveolar pressure was equal to the vascular pressure at the lowermost part of the lobe. In figure 4 it can be assumed that the vascular pressure in the lowermost part of the lobe was no greater than IO cm HZO, yet dextran continued to be expressed from the compressed compartment up to alveolar pressures of 20 cm HzO. Also one would expect that the compressed compartment would contain no dextran at a transpulmonary pressure of 30 cm H20 until a vascular pressure of greater than 20 cm H20 was reached. Yet in figure 7, when alveolar pressure was 30 cm HYO, the 'compressed compartment definitely contained some dextran at vascular pressures as low as 5 cm HzO. In a perfusion experiment reported in a previous communication (5, fig* 3 ), it was shown that perfusion continued above the level expected if perivascular pressure were identical to alveolar pressure. For considerations involving the mechanism of compression of some of the blood vessels of the lungs associated with an increase in alveolar pressure, it does not matter that perivascular pressure is somewhat less than alveolar pressure; what is important is that a rise in alveolar pressure relative to intravascular pressure does compress vessels of the lungs. Thus, we conclude that the pressure surrounding the compressed vessels is 'approximated' by alveolar gas pressure. Exparded portion. Although the exact anatomical extent of the expanded portion of the vascular bed has not been defined, it must include the larger blood vessels.
The increase in volume of the expanded vessels with inflation of the lungs might be due to an increase in their length and/or an increase-in their lumen.
The lung increases in all diameters as it is inflated, and it is reason- able to believe that the main blood vessels are elongated at the same time. However, the increase in volume of the expanded portion cannot be explained solely by an increase in length for the following reasons. The lung may be considered to behave somewhat as a sphere with the blood vessels radiating as chords from a point on the surface of the sphere. Increases in length of these chords will vary as the cube root of the increase in volume of the sphere. Since well over 50 % of the total increase in volume of the lung occurs between o and zo cm Hz0 TPP, the increase in length of the vessels will become very small above IO cm Hz0 TPP. Examination of figure z (arterial) shows that the rate of increase in volume of the vessels continued almost unchanged up to transpulmonary pressures of x5-20 cm HZO. Increases in the lumen of the vessels must therefore play an important role in the increase in volume of the vessels associated with inflation of the lungs. The magnitude of the forces tending to increase the lumen of some of the blood vessels during lung inflation is demonstrated by the experiment illustrated in figure 8. When the burettes were 30 cm below the level of the lobe, the vascular pressure was -30 cm HZO. Before the lung was inflated, alveolar pressure was zero+ The alveolar walls were relaxed, and it can be assumed that the transmural pressure gradient (5) collapsing the vessels was about 30 cm (30 cm at the top and 20 cm at the bottom of the lobe). When the lung was inflated, without changing the intravascular pressure of -30 cm HTO, the vessels began to fill in spite of the addition of 30 cm of pressure in the air spaces surrounding them. The negative intravascular pressure and high alveolar pressure were acting together in such a manner as to compress the vessels, yet they were found experimentally to enlarge. Some other force, acting as radial traction, must, therefore, have pulled the vessels open. One possible cause of this force could be the development of a negative pressure in the interstitium of the lung between the air spaces that enlarge with lung inflation.
Several types of models have been constructed that demonstrate that this mechanism is theoretically possible (4).
The diagram in figure g shows another way in which radial traction on some blood vessels might be generated. The spokes of the wheel represent elastic alveolar walls pulling in on the pleural surface (or other limiting membrane) and out on the wall of the vessel. One spoke is replaced by a schematic representation of alveoli, and other spokes can be considered to represent forces transmitted through similar pie-shaped groups of alveoli. It is apparent, in terms of the model, that when the alveoli are inflated, the alveolar pressure is acting on a larger area at the surface of the lung unit than at the central blood vessel wall. Therefore, the total force (pressure X area) acting outwards is greater than that acting inwards, and the resulting outward movement of the surface of the lobule will increase the tension in the 'spokes' and pull the blood vessel wall outwards.
The radial traction applied to the blood vessels probably is applied also to the bronchi and bronchioles (6).
